We investigated the photochemical aging of ambient aerosols using a potential 19 aerosol mass (PAM) reactor at Baengnyeong Island in the Yellow Sea during 20 2011. The size distributions and chemical compositions of the ambient and aged PAM 21 aerosols were measured alternately every 6 min by Scanning Mobility Particle Sizer (SMPS) 22 and High Resolution-Time of Flight-Aerosol Mass Spectrometer (HR-ToF-AMS), respectively. 23 Inside the PAM reactor, O 3 and OH levels were equivalent to 4.6 days of integrated OH 24 exposure at typical atmospheric conditions. Two types of air masses were distinguished on 25 the basis of the chemical composition and the degree of aging: The air transported from 26 China was more aged with higher sulfate concentration and O:C ratio and the air mass 27 coming through the Korean Peninsula was less aged with more organics than sulfate and 28 lower O:C ratio. In PAM reactor, sulfate was constantly formed, resulting in the increase of 29 particle mass at 200-400 nm size range. Organics were responsible for an overall loss of 30 mass in 100-200 nm particles. This loss was especially evident for the m/z 43 component 31 representing less oxidized organics. Conversely, the m/z 44 component corresponding to 32 further oxidized organics increased with a shift toward larger sizes during the organics-33 dominated episode. The oxidation of less oxidized organics was likely facilitated by gas-34 phase oxidation and partitioning for re-equilibrium between the gas and particle phases. 35 Nitrate evaporated in the PAM reactor upon the addition of sulfate to the particles. These 36 results suggest that the chemical composition of aerosols and their degree of 37 photochemical aging particularly for organics are also crucial in determining aerosol mass 38 concentrations. Because sulfate in the atmosphere was stable for about a week of the 39 nominal lifetime of aerosols, SO 2 is an unquestionably primary precursor of secondary 40 aerosol in northeast Asia. In comparison, the contribution of organics to secondary 41 aerosols is more variable during transport in the atmosphere. Note that the integrated OH 42 exposure of 4.6 days emphasized the sulfate contribution on aerosol in this study 43 because further oxidation leads to the loss of OAs over a couple days of aging. Notably, 44 an increase in low-volatility organics was associated with sulfate and evident at 200-400 45 3 nm, highlighting the potential role of secondary organic aerosol (SOA) in cloud 46 condensation nuclei (CCN) formation. 47 48
April, 2012 and November-December, 2013, where PM 1.0 varied from the detection limit to 169 ~100 μg m -3 . These PM 1.0 concentrations were lower than those measured in Changdao 170 that is located in Bohai Sea (Hu et al., 2013; Choi et al., 2016; Lee et al., 2015) . The PAM 171 aerosol masses were generally greater than the ambient aerosol masses, but not all the 172 time. The difference in mass concentrations between the PAM aerosols and the ambient 173 aerosols either a gain or loss of particle mass in the range of -3 ~ 7 μg m −3 , indicating that 174 photo-oxidation. 175 Particle mass distributions of the ambient and PAM aerosols were averaged for the 176 entire experiment and their difference is presented in Fig. 3 . In the PAM chamber, nuclei-177 mode particles were formed (average dN/dlogDp = 2 x 10 5 cm −3 ) but their contribution to 178 the total aerosol mass was relatively insignificant due to their small sizes of less than 50 179 nm in diameter (Dp). In comparison, the mass of PAM aerosol was distinctively increased at 180 sizes larger than 200 nm. Particles between 50 and 200 nm in diameter were either lost or 181 produced in the PAM reactor, depending on the history of the air masses. The formation of 182 nuclei mode particles in PAM reactor were also observed in previous studies (Ortega et 183 al., 2016; Palm et al., 2016) . The enhancement of accumulation mode particles was 184 dependent on the equivalent ages of PAM reactor and condensation sink (CS) by 185 preexisting aerosols. Major constituents including sulfate, organics, ammonium, and nitrate 186 for both ambient and PAM aerosols are presented in Fig 3. Sulfate and ammonium 187 concentrations in the PAM reactor were mostly higher or similar to those in the ambient 188 air. In contrast, total organics and nitrate were mostly lower in the PAM aerosols than 189 ambient aerosols. 190 The measurement results of PAM experiment include uncertainty associated with 191 losses of condensable gases and aerosols in PAM reactor and sampling system. The 192 condensable gases fate model for PAM reactors (Palm et al., 2016) predicts 57~66% and 193 62~81% of organic gases and sulfates to be condensed on the existing aerosols, 194 respectively at 4.6 days of equivalent aging time. We used the same constants as those in 195 Palm et al. (2016) for our PAM condition (residence time of 100 s and aging time of 4.6 196 days). The fraction of low-volatility gases that were not condensed in the PAM reactor was 197 higher for organic-dominated case (33%) than sulfate-dominated case (27%) because of 198 greater CS in latter than former. Previous studies showed that the SOA formation from 199 VOCs including Semi/Intermediate Volatile Compounds (S/IVOCs) could be enhanced up to 200 a few times greater than SOAs from VOCs only (Hayes et al., 2015; Palm et al., 2016) . In 201 our experiment, air masses that were transported from the Korean Peninsula or from east 202 China for at least 1 day were sampled in the PAM reactor, thus it is likely that S/IVOCs 203 were already partitioned into the aerosol phase, if existed and the loss of S/IVOCs or their 204 contribution to SOA formation would be much less significant than was reported in 205 previous studies. Nonetheless, S/IVOCs could be lost to the reactor inlet plate as well as 206 reactor wall due to their low saturation vapor pressures, leading to the underestimation of 207 their contribution to SOA formation in the PAM reactor of this study. Throughout the experiment, ambient aerosols were highly enhanced during two 212 separate periods (shaded in Fig. 2a ), with distinct differences in chemical composition 9 between the two. While the ambient air was enriched in organics during the first episode 214 (August 6, 11 AM to August 7, 9 AM), sulfate was dominant in the second episode (August 215 9, 1 AM to August 9, 6 PM). During the two episodes, the levels of gaseous precursors 216 including NOx, SO 2 , and CO were higher than in the remaining periods ( Fig. 4 ). However, 217 the ratios of both SO 2 /NOx and OC/EC were higher for the first case than the second case. 218 It was opposite for O 3 /CO ratios. These two cases were distinguished by the air masses 219 backward trajectories ( Fig. 1b ). Higher concentrations of organics than sulfate during the 220 first episode resulted from air that had passed through the Korean Peninsula. The sulfate-221 dominated air in the second episode had been transported from Southeast China. In 222 addition, the air mass trajectories imply that sulfate-dominated aerosols lingered over the 223 Yellow Sea and were aged more than the organic-dominated aerosols. 224 In addition, the aerosol masses differed in terms of size distributions between the 225 two episodes (Fig. 5 ). The mass difference between the ambient and PAM aerosols (gain 226 and loss) was greater in all size ranges for the organic-dominant episode than the sulfate-227 dominant episode. In the PAM reactor, the mass of particles smaller than 50 nm and larger 228 than 200 nm increased, but it decreased in the size range of 100-200 nm. The particles 229 masses of separate size range are summarized for ambient and PAM processed aerosols in 230   Table 1 . For the two cases, aerosol masses increased at nuclei (10-50 nm) and 231 condensation (200-500 nm) mode in PAM reactor. At size between 50 and 200 nm, 232 however, the mass of PAM-processed aerosol was not evidently increased during sulfate-233 dominated episode and even decreased during organic-dominated episode. The 234 measurement results of size-separated chemical compositions provide detailed information 235 on transformation processes in the PAM reactor. In general, sulfate increased but total 236 organics and nitrate were reduced in the PAM reactor compared to the ambient aerosols 237 (Fig. 6 ). The contribution of ammonium ions to the total mass was also greatest when 238 aerosols were enriched in sulfate. The organic m/z 43 and m/z 44 components exhibited 239 different behavior in the PAM reactor between the two episodes ( Fig. 5 ). While m/z 43 240 decreased in the PAM reactor in both episodes, m/z 44 only increased during the sulfate-241 dominant episode. 242 Therefore, the following discussion is focused on these two distinct aerosols 243 episodes, for which the size-separated chemical compositions were thoroughly examined 244 and compared in order to elaborate on the formation of secondary aerosols and the 245 evolution of ambient aerosols upon photo-oxidation in the PAM reactor. In the current study, the formation of nuclei-mode particles (Dp <50 nm) was 251 always observed in the PAM reactor. SO 2 is primarily responsible for the formation of new 252 nuclei mode particles. In previous field studies, increases in the amounts of PAM aerosols 253 were dependent on the ambient SO 2 concentrations (Kang et al., 2013) . Palm et al. (2016) 254 also observed the nuclei mode particles formed, competing for the role of condensation 255 sink (CS) with preexisting accumulation mode particles. For the two episodes in this study, 256 the number concentrations of nuclei-mode particles differed by less than an order of 257 magnitude and SO 2 concentrations were similar. Chemical compositions are not available 258 for nuclei-mode particles due to an AMS cut-off size of 50 nm in the present study. VOC 259 concentrations for ambient air were not determined, either. In the previous laboratory 260 experiment, Kang et al. (2011) examined the transient peaks of OA mass concentration at 261 nuclei mode and smaller stable peaks at larger size range under high OH exposure. These 262 transient peaks were supposed to be related to the non-linear oscillatory nucleation and 263 growth of OA, which was referred by McGraw and Saunders (1984) . An initial burst of 264 particles followed by the oscillatory mode with a lower particle number density was 265 explained by the competition between the rapid formation of nuclei mode clusters and the 266 condensation onto new particle surfaces of condensable species. 
Formation and evolution of organic aerosols
The SMPS mass size distributions highlight the size range of 100~200 nm, where 270 PAM aerosol was reduced in mass only for organic-dominated episode ( Fig. 5 ). Mohr et al. 271 (2012) observed that the ambient Semi-Volatile Oxygenated Organic Aerosols (SV-OOAs) 272 and Low-Volatile Oxygenated Organic Aerosols (LV-OOAs) were mostly found in the range 273 of 100-200 nm and greater than 200 nm, respectively. In addition, the concentration of 274 organic m/z 43 was higher in SV-OOAs than LV-OOAs. In the present study, the 275 contribution of m/z 43 to total organics was greater in organics-dominated than sulfate-276 dominated episode. So was the loss of organics in PAM reactor. Volatility of organics with 277 m/z 43 and 44 were previously described in Ng et al., (2011) . These results suggest that 278 there were less oxidized OAs (e.g., SV-OOAs) in the organics-dominated than the sulfate- Organics are known to be oxidized by OH undergoing functionalization and 295 fragmentation. The pathway by which this occurs is determined by the oxidation state of 296 the existing organic aerosols. Functionalization dominates in the early stage of oxidation, 297 which increases total organics and organic m/z 43, while fragmentation dominates in the 298 later stage of oxidation, reducing OA mass (Jimenez et al., 2009; Kroll et al., 2009; Chacon-299 Madrid et al., 2010; Henry and Donahue, 2012; Lambe et al., 2012) . For highly oxidized 300 OAs with O:C ratios greater than 0.4, fragmentation becomes especially dominant, 301 resulting in OA mass loss. In this study, the measured O:C ratios of the ambient aerosols 302 were greater than 0.4 for both episodes (Fig. 7) , which indicates that the observed ambient 303 organic aerosols were aged enough to be fragmented. about 22 % and 37 % for organic-dominated and sulfate-dominated episode, respectively 314 at our OH exposure of 7 x 10 11 molecules cm -3 s (Table 1) . 315 In comparison, the organic m/z 44 mass increased in PAM aerosols for the 316 organics-dominated episode but not for the sulfate-dominant episode. In particular, the 317 increase in organic m/z 44 mass was associated with larger sizes than the organic m/z 43 318 mass loss ( Fig. 6 ). As mentioned above, organic m/z 43 loss was significant for sizes less 319 than 200 nm in AMS diameter, but most of the increase in organic m/z 44 mass was 320 observed in the size greater than 200 nm. If particles grew in size by heterogeneous 321 oxidation of carbonyls to carboxylic acids on pre-existing particle surfaces, the mass 322 decrease in m/z 43 should also have been associated with an increase in the m/z 44 mass 323 by the addition of oxygen in the sulfate-dominated episode. During the sulfate-dominated 324 episode, however, there was no difference in the organic m/z 44 mass between the ambient and PAM aerosols, implying that a gas-phase reaction in the photo-chemical 326 oxidation of organic aerosols was involved. Thus, the mass increase of the m/z 44 327 component in PAM aerosols was considered in terms of gas-to-particle partitioning. 328 Upon being aged, OAs are not only formed from precursor gaseous phases but 329 also evaporated by partitioning between gas and aerosol phases. The evaporated OAs 330 possibly undergo chemical oxidation, being partitioned into aerosol phase again. Therefore, 331 SOAs can form from the oxidation of evaporated primary OAs as well as VOCs and 332 Intermediate VOCs (Donahue et al., 2009 ). The organic-dominated episode of this study 333 was characterized by higher organic concentrations and higher OC/EC ratios than the 334 sulfate-dominated episode, which implies the availability of primary OAs and relatively less 335 loss by aging or greater SOA formation, compared to photo-chemically inert EC. 336 The oxidation of organics in the atmosphere can occur both in the gas phase and 337 through heterogeneous reactions. The gas-phase reaction is tens of times faster than the 338 heterogeneous reaction, being limited by diffusion to the particle surface (Lambe et al., 339 2012). In our experiment, it was not feasible to distinguish gas-phase oxidation of semi-340 volatile organics in equilibrium with the particle phase from heterogeneous oxidation of 341 organics on the particle surface. Nonetheless, the main result of this study demonstrates 342 that a distinct loss in m/z 43 was accompanied by little change in m/z 44, which supports 343 the possibility that gas-phase oxidation was involved in SOA formation. The distributions 344 of m/z 43-like compounds such as carbonyl groups with a semi-volatile nature in gaseous 345 and particulate phases are controlled by the partitioning equilibrium between the two 346 phases. In contrast, m/z 44-like compounds such as organic acid groups with low volatility 347 tend to preferentially remain in the particle phase (Ng et al., 2011) . It is, therefore, quite 348 likely to occur in PAM reactor that the gas-phase concentration of m/z 43-like compounds 349 was decreased by further oxidation, leading to evaporation of organic m/z 43 in particle 350 phase to be re-equilibrated with the decreased concentration in gas phase. On the other 351 hand, m/z 44-like compounds were sufficiently less volatile that they underwent little 352 evaporation to the gas phase. During the ~100 s of the residence time in the PAM reactor, the gas-phase reactions would be more efficient than relatively slower heterogeneous 354 oxidation (Lambe et al., 2012) . It was also found in a previous study that much less OA 355 mass loss occurred for highly oxidized OAs with low volatility than for less oxidized OAs 356 due to heterogeneous oxidation (Kessler et al., 2012) . In addition to the loss of less 357 oxidized organics (m/z 43), the AMS measurements indicated that highly oxidized OAs 358 (m/z 44) were produced in the PAM reactor. In particular, the m/z 44 peak was found to 359 occur in the same size range as that of sulfate. These results suggest that SOAs formed by 360 gas-phase oxidation and subsequent condensation on the surface of existing sulfate 361 particles. Indeed, robust evidence for this can be found in detailed laboratory studies of 362 SOA formation on acidic seed particles (Jang et al., 2002; Jang et al., 2006; Kang et al., 363 2007) 364 In the present study, the overall mass spectra of organics indicate significant loss of 365 less oxidized OAs (e.g., m/z 41, 42, 43, …) in the PAM reactor for both episodes. In addition, 366 CO + and COO + groups increased and decreased in the PAM aerosols for the organic-367 dominant and sulfate-dominant episodes, respectively ( Fig. 5) . Therefore, the discussion on 368 single mass of organic m/z 43 and m/z 44 will also be valid for the entire organic classes. In the PAM aerosols, sulfate concentrations were always greater than or similar to 373 those of the ambient aerosols for the entire experiment period. This indicates a significant 374 contribution of sulfate to secondary aerosols in the PAM reactor, in which sulfuric acid was 375 produced through photo-oxidation of SO 2 under high OH exposure and then nucleated or 376 was deposited on pre-existing particles (Kang et al., 2007) . For the two selected cases 377 especially, sulfate mass was noticeably increased in condensation mode where the 378 condensation of gas on particle surfaces would be favored, particularly under highly 379 oxidative conditions. Although nuclei-mode particles increased in number to a great extent, 380 their mass contribution was insignificant at the ambient level of gaseous precursors. In this 381 study, the variation in ammonium concentrations was similar to that of sulfate ( Fig. 2b) . In 382 addition, the equivalent ratios of sulfate and nitrate to ammonium indicated that the 383 ambient particles were mostly acidic 384 In the organic-dominated episode, the increase of the PAM aerosol mass in In addition, an increase in sulfate mass was noticeable between 200-400 nm. A 403 major inorganic constituent, nitrate was lost in the PAM reactor during both episodes, with 404 an ambient nitrate concentration that was comparable to the levels of sulfate and organics 405 (Fig. 2b) . The nitrate loss is rather explicit in the PAM reactor because of efficient 406 conversion of SO 2 to sulfate, causing the aerosols to become acidic and causing 407 particulate nitrate (HNO 3 (p)) to evaporate. A plausible source of HNO 3 (p) in the PAM 408 reactor is the deposition of gaseous HNO 3 (g) or heterogeneous reaction of NO 2 on the particle surfaces (Underwood et al., 2001) ,even though the latter is not clearly understood. 410 If a particle is acidic in the presence of sulfuric acids, nitrate easily evaporates back to the 411 gas phase. As stated in section 2, the loss of nitrate by temperature-induced evaporation 412 would be insignificant. The O:C ratios of OAs from this study were plotted against aging time and compared with those observed in East Asia (Fig. 8 O:C ratios with photochemical aging was slightly higher in our results than in those of 449 previous studies, which is possibly due to the omission of these scavenging processes in 450 PAM reactor . 451 The results of this study imply that SO 2 plays a key role in increasing secondary 452 aerosol concentrations in East Asia because the lifetime of SO 2 is longer than those of 453 VOCs and because sulfate is relatively stable in the particle phase once formed, contrary to 454 nitrate and organics. While SOA formation is more important near sources or in fresh air 455 masses, OAs oxidation occurs continuously during the transport of air masses. The 456 formation yield of sulfate from SO 2 is greater than that of organic aerosols during 3~4 August 9, the ratio of O:C was higher for the latter than the former. In addition, the size-479 dependent mass distributions of major constituents were clearly distinguished between the 480 two episodes, which were used to understand the photochemical and volatile properties of 481 the aerosols. 482 In the PAM reactor, sulfate formed in condensation mode in particle sizes between 483 200 and 400 nm and presumably in nucleation mode for particles smaller than 50 nm, 484 which suggests that SO 2 was not limited in the study region for generating secondary 485 aerosols, even during summer. In contrast, nitrate was lost in particles of all size ranges 486 due to evaporation by the addition of sulfate. The total mass of organics was reduced in 487 particles between 100 and 400 nm, where the loss in the m/z 43 component was evident 488 for both episodes. In contrast, the more oxidized organic m/z 44 component was 489 produced at larger sizes of 200-400 nm only during the organic-dominated episode. These 490 results suggest partitioning of less oxidized OAs into a gas-phase that was in equilibrium 491 with the particle phases. As the concentration of m/z 43 and total organics decreased 492 upon oxidation, less oxidized OAs were likely evaporated away from the particle phase in 493 the process of re-equilibration. 494 As the air mass aged, the loss was apparent for photochemically and physically Song, M., Lee, M., Kim, J.H., Yum, S.S., Lee, G., Kim, K-R.: New particle formation and 821 growth in relation to vertical mixing and chemical species during ABC-EAREX2005, Atmos. 822 Res., 97, 359-370, 2010. 823 Sun, Y. L., Zhang, Q., Schwab, J. J., Chen, W. N., Bae, M. S., Lin, Y. C., Hung, H. M., and 824 Demerjian, K. L.: A case study of aerosol processing and evolution in summer in New York 825 City, Atmos Chem Phys, 11, 12737-12750, DOI 10.5194/acp-11-12737-2011 , 2011 Takami, A., Miyoshi, T., Shimono, A., Kaneyasu, N., Kato, S., Kajii, Y., and Hatakeyama, S.: , 9, 6915-6932, 10.5194/acp-9-6915-2009, 847 2009. 848 Zhang, J., Wang, Y., Huang, X., Liu, Z., Ji, D., Sun, Y.: "Characterization of organic aerosols in 849 Beijing using an aerodyne high-resolution aerosol mass spectrometer", Adv. Atmos. Sci., 
